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TECHNICAL MEMORANDUM X-596 


HEAT- TRANSFER MEASUREMENTS IN REGIONS OF FLOW SEPARATION 

AND REATTACHMENT ON TWO AXISXMMETRIC MODELS 

AT MACH NUMBERS FROM 2.65 TO 4.50* ** 

By Robert L. Stallings, Jr., Ward F. Hodge, 
and Paige B. Burbank 



SUMMARY 


Heat- transfer coefficients on two axisymmetric models having down- 
stream facing steps were determined in the Langley Unitary Plan wind 
tunnel. One model, denoted as the stepped-cylinder model, consists of 
a truncated conical nose with a base radius larger than the cylindrical 
afterbody. The second model duplicates the downstream facing step at 
the juncture of the fourth and fifth stages of an NASA five -stage 
research vehicle. 



The stepped-cylinder model with artificial transition was tested 
at Mach numbers of 2.65 and 5*51> Reynolds numbers per foot from 
0.8 X 10^ to 5*1 X 10^, and angles of attack from 0° to 20°. At all 
angles of attack the heating rates on the nose in and downstream of 
the region of reattachment were predicted by turbulent cone theory 
based on the local Mach number and the local Reynolds number using a 
distance measured from the stagnation point on the front face. At an 
angle of attack of 0° the measured heat- transfer rates downstream of 
the region of separation at the rearward facing step were in good agree- 
ment with turbulent flat-plate theory based on local conditions and a 
boundary layer originating at the region of reattachment. The maximum 
heat-transfer coefficient in the reattachment region along the windward 
meridian of the cylinder at an angle of attack of 20° was 115 percent 
of the measured stagnation-point value at an angle of attack of 0°. 

The contribution of Robert L. Stallings, Jr., to the subject paper 
was in part presented as a thesis entitled "An Investigation of the Aero- 
dynamic Heating Rates in Regions of Flow Reattachment on Two Axisymmetric 
Configurations," which was offered in partial fulfillment of the require- 
ments for the degree of Master of Science in Aeronautical Engineering, 
Virginia Polytechnic Institute, Blacksburg, Virginia, May 1961 . 

** Title, Unclassified. 



The measured heating rates along the windward meridian downstream of 
the region of re attachment at angles of attack greater than 0 ° were in 
good agreement with turbulent infinite-swept-cylinder theory. 

The five-stage research vehicle model was tested at Mach numbers 
of 3.51 and 4.50, Reynolds numbers per foot from 2.8 X 10^ to 4.5 * 10°, 
and an angle of attack of 0°. The measured values downstream of the 
rearward facing step were in good agreement with turbulent flat-plate 
theory evaluated at local conditions and a local Reynolds number based 
on the axial length from the forward stagnation point. 


INTRODUCTION 


Wind-tunnel tests of the Project Mercury reentry configuration have 
indicated heat-transfer rates in the flow reattachment regions on the 
rearward part of the spacecraft to be of the same order of magnitude as 
those on the stagnation point of the ablation shield. (See ref. 1.) 

A survey of the literature indicated that the limited amount of existing 
information pertaining to the boundary- layer properties associated with 
the flow reattachment region downstream of a rearward facing step is 
primarily concerned with a two-dimensional -flow field, for example, ref- 
erences 2, 3 , and 4. Therefore, an experimental program at the Langley 
Unitary Plan wind tunnel is now in progress to evaluate the effects of 
nose shape, model attitude, and free-stream variables on the aerodynamic 
heating associated with the reattachment region on axisymmetric bodies. 
In order to expedite publication of the phase of the program for which 
experimental tests are completed, only two models will be discussed in 
this paper. One model, denoted as the stepped-cylinder model, consists 
of a truncated- cone nose section and a cylindrical afterbody, the radius 
of the base of the nose being larger than the radius of the cylinder and 
thus forming a downstream facing step at the nose -afterbody juncture. 

The second model duplicates the fairing of the fourth and fifth stages 
of an NASA five-stage research vehicle. This model has a downstream 
facing step at the juncture of the fourth and fifth stages, and it was 
speculated that, if reattachment occurred as in reference 1 , the result- 
ant high heating rates on a magnesium stage fairing could be the reason 
for previous unexplained vehicle failures. 

The stepped-cylinder model was tested at angles of attack from 0° 
to 20° at Mach numbers of 2.65 and 3.51; the five-stage research vehicle 
model was tested at an angle of attack of 0° at Mach numbers of 3-51 
and 4.50. 
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SYMBOLS 


pressure coefficient. 


c 

h 

M 

P 
P. 
1 
r 
R 
t 


t,2 


'•w 


w, e 


w 


P2 - P, 

<3co 


specific heat of model skin, Btu/lb-°R 
heat-transfer coefficient, Btu/sec-ft^-°R 
Mach number 
Stanton number 
pressure, lb/sq ft 

stagnation pressure behind normal shock, lb/sq ft 
dynamic pressure, lb/sq ft 

flat-face-nose radius of stepped-cylinder model, 0.073 ft 
free- stream Reynolds number per foot 
time, sec 

stagnation temperature, °R 
wall temperature, °R 

measured wall equilibrium temperature, °R 
weight of model skin per unit area, lb/sq ft 


Xpx 2 ,x^ surface coordinates of stepped-cylinder model along flat-face 
nose, conical frustum, and cylindrical afterbody (defined 
in fig. 1), in. 

y step height of stepped-cylinder model (defined in fig. l), 

0.05 ft 


a 

7 

e 


angle of attack, deg 

ratio of specific heats, 1.4 for air 

emissivity 



Stefan-Boltzmann constant, 0.484 x 10 Btu/sec-ft^-°R^ 

meridian angle, measured in plane normal to axis of symmetry, 
deg 


Subscripts: 

i indices of summation 

I local conditions at outer edge of boundary layer 

s conditions along stagnation line of infinite swept cylinder 

t stagnation 

0, 1, 2, 5> • • • > n time sequence 
«> free-stream conditions 
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DESCRIPTION OF MODELS 


t 


The construction of the stepped-cylinder model, as illustrated in 
figure 1, consisted of a truncated conical nose having a 20° half-angle 
and a base radius 0.6 inch larger than the radius of a cylindrical after- 
body. The model was constructed with interchangeable cylinders to 
facilitate detailed measurements of both pressure and heat- transfer coef- 
ficients. Evaluation of the heat- transfer coefficients from transient- 
wall- temperature measurements necessitates thin-walled construction; 
therefore, the nose section and the cylinder instrumented with thermo- 
couples were constructed by spinning and rolling a 0.030- inch Inconel 
sheet on form mandrels. Heat losses due to internal conduction, internal 
convection, and external radiation were minimized by using bulkheads 
constructed of Transite insulating material relieved in the vicinity of 
the thermocouples, by venting the shell interior to free-stream static 
pressure, and by polishing the model to a 10-microinch finish. Pressure 
measurements were obtained on the thin-walled nose section and the thick- 
walled cylinder illustrated in figure l(a). Photographs of both the 
pressure and heat-transfer configurations are shown in figure 2. The 
heat-transfer configuration was sprayed with an acrylic plastic to 
decrease the surface luster for photographing. 

A second model consisted of the actual outer shell of the fifth 
stage and a simulated portion of the fourth stage of an NASA five-stage 
research vehicle. As illustrated in figures 3 and 4, a downstream step 
exists between the fourth and fifth stages of this model. The model was 
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constructed as illustrated in figure 3 in the same manner as the stepped- 
cylinder model to minimize heat losses due to internal conduction, inter- 
nal convection, and external radiation. In order to minimize lateral 
deflections of the model during the test, a thick-walled tube was used 
for internal support with the thin-walled model components attached to 
it by several flange connections. 


INSTRUMENTATION 


The stepped- cylinder model was instrumented with sixty No. 30 gage 
iron- cons tantan thermocouples and twenty-one static-pressure orifices 
having 0.035“inch inside diameters. Two stagnation- temperature probes 
were mounted on the sting behind the model at deflection angles of 0° 
and 10° to the model center line. The location of the thermocouples 
and pressure orifices as shown in figure 1 is defined by an angle 0 

and surface coordinates x i> x 2> x 3 with origins at the stagnation point 

on the flat front face, at the juncture of the flat front face and the 
conical nose, and at the juncture of the conical nose and the cylinder, 

respectively. The angle 0 is oriented so that when 0° 0 ^ 90° the 

instrumentation is on the windward half of the model, and when 
90 ° ^ 0 ^ l 80 ° the instrumentation is on the leeward half of the model. 
The local wall thickness is also presented in figure 1 for each thermo- 
couple location. Each thermocouple output was recorded on a multichannel 
sequential analog to digital conversion system discussed in reference 5 * 

The local total pressure outside the boundary layer was determined 
from measurements taken with a two-tube rake located near the base of 
the nose section and a six-tube rake located at two axial stations on 
the cylinder. These rakes are shown in figure 1. The local pressures 
were measured by electrical transducers and each electrical output was 
recorded on digital self-balancing potentiometers. 

The five-stage research vehicle model was instrumented with 57 iron- 
constantan thermocouples. The location of the thermocouples and the 
local wall thicknesses are shown in figure 3 . Two stagnation- temperature 
probes were mounted at the base of the model in line with the two rows 
of thermocouples. The local free -stream Mach number at the base of the 
simulated fourth stage was determined by static- and total-pressure 
measurements. 

The tunnel free-stream static and stagnation pressures were measured 
on precision mercury manometers. 
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APPARATUS AND TEST CONDITIONS 


This investigation was conducted in the high Mach number test sec- 
tion of the Langley Unitary Plan wind tunnel described in reference 6. 
This variable-pressure, continuous- flow tunnel has an asymmetrical 
sliding-block nozzle that permits a continuous variation in the test- 
section Mach number from 2.3 to 4.65* The deviation in Mach number over 
the entire 4- by 4-foot test section for Mach numbers of 2.65, 5*51> 
and 4.50 is ±0.03, ±0.05, and. ±0.06, respectively. 

Both stepped- cylinder configurations had artificial transition in 
the form of No. 60 carborundum grains located on the conical nose as 
illustrated in figure 1. 

Heat- transfer coefficients for both models and pressure coeffi- 
cients for the stepped-cylinder model were determined for the following 
test conditions: 



Models 

Test 

a, 

deg 

— 

Mach 

number 

Stagnation 
pressure 
(nominal), 
lb/sq in. abs 

Stepped cylinder 

Static 

pressure 

0, 

5, 10, 

15, 

20 

2.65 

20 

Stepped cylinder 

Total 

pressure 

0, 

5, 10, 

15, 

20 

2.65 

20 

Stepped cylinder 

Heat 

transfer 

0, 

5, 10, 

15, 

20 

2.65 

20 

Stepped cylinder 

Heat 

transfer 

0, 

5, 10, 

15, 

20 

3.51 

35 

Stepped cylinder 

Heat 

transfer 


0, 10 


3.51 

10 

! Five -stage 
f research vehicle 

j 

j Heat 

transfer 


0 



3.51 

56, 35 

! Five -stage 

research vehicle 

Heat 

transfer 


0 



4.50 

85, 60 
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The static- and total-pressure tests were conducted separately to avoid 
interference effects and, due to limited tunnel time, pressure measure- 
ments were not obtained at M = 3* 53- 


METHOD OF HEAT- TRANSFER-DATA REDUCTION 


L 

D 
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The heat- transfer coefficients were obtained from transient- skin- 
temperature measurements resulting from a stepwise increase in stagna- 
tion temperature as discussed in reference 5* The following relation, 
which assumes constant temperature through the skin, negligible lateral 
heat flow, negligible heat flow to the model interior, and no heat losses 
due to radiation, was used: 



This equation as shown in reference 5 can be written in the following 
form for complete machine calculation: 



The summations are evaluated over increments of time according to the 
trapezoidal rule 

n-1 

]T (T) i At = At (| T 0 + \ T n + T 1 + T 2 + • ‘ ’ + Vl) 

0 


and the ratio experimentally determined. 

The magnitude of the lateral heat flow for a thin-skin model as 
discussed in reference 1 is negligible. The heat flow caused by radia- 

/ 4 k\ 

tion is dependent upon the term ae 1 T w - T a J, where T & is the tunnel 
wall temperature, and this term is negligible. 


ACCURACY 


The accuracy of the temperature measurements including recorder 
resolution, thermocouple-wire calibration, and cold junctions is ±2° F; 
however, this error will occur in temperature level rather than in ran- 
dom temperature fluctuations. A temperature error of ±2° F could result 
in ratios of equilibrium temperature to stagnation temperature T-^ e /^t 

greater than 1 in stagnation regions of the model. Also, as discussed 
in reference 'in regions of low heat transfer (h less than O.OOl), 
the ratio g/T-t may be questionable, because the wall temperature 

may not have reached equilibrium from the preceding test point. 

An estimation of the accuracy of heat-transfer measurements in the 
Langley Unitary Plan wind tunnel has been determined by the repeatability 
of data in the tests discussed in reference 1. The accuracy is dependent 
upon the magnitude of the heat-transfer coefficient. For h > 0.0150, 
the accuracy is within 10 percent; for 0.0010 < h < 0 . 0150 , within 
15 percent; and for h < 0.0010, within 20 percent. Although h < 0.0010 
is within the accuracy of data reduction, no significance is attached 
to the magnitude of h other than to indicate the low-heat- transfer 
regions. 

The accuracy of the precision manometers is within 0.5 lb/sq ft. 
Therefore, the accuracy of the system is limited to that of the electri- 
cal transducer which is 0.5 percent of full-scale deflection. The maxi- 
mum possible error in the pressure coefficient resulting from the inaccu- 
racy of the electrical transducer is 0 . 0165 - 


RESULTS AND DISCUSSION 


Schlieren pictures taken of both the stepped- cylinder model and 
the five-stage research vehicle model and shadowgraph photographs of 
the stepped-cylinder model are presented in figures 5; 6, and 7- Complete 
lists of the pressure data obtained on the stepped-cylinder model and the 
heat-transfer data obtained on both models throughout the range of test 
variables are presented in tables I to IV. 


Pressure Distribution for Stepped-Cylinder Model 

Conical nose .- The local- pressure-coefficient distribution over the 
conical segment of the nose is presented in figure 8(a) for M = 2 . 65 , 

R = 5*1 k 10 6 , and angles of attack of 0°, 10°, and 20°. The approximate 
location of the flow reattachment points as determined from shadowgraphs 


H tf\ O 


9 




3 


• • 

• • 
• • 
• • 


• • • • • • 

• • • • • • 

• • • • • • 

• • • • • • 


• • 


• • 



• • • 
• • 


• • • • 

• • 

• • • 
• • 


is indicated by the solid symbols on the abscissa scale. Due to the 
lack of instrumentation in the separated region, the extent of the 
effects of separation on the pressure distribution cannot be specified; 
however, at a = 0° these effects occur over a surface length approxi- 
mately twice that of the visible separation on the shadowgraphs. This 
same trend will be shown subsequently in the heat-transfer-coefficient 
distribution. In the region of uniform pressure downstream of the 
effect of reattachment, the pressure coefficients are approximately 
15 percent less than the theoretical cone values determined from ref- 
erence 7* A similar disagreement between experimental and theoretical 
values was obtained on a blunted conical nose at M = 3*55 in refer- 
ence 8. Increasing the angle of attack to 10° resulted in an increase 
in the pressure coefficients and a decrease in the extent of separation 
effects. As a crude approximation, the elevated pressure coefficients 
at this angle of attack were approximated by a 30° cone at an angle of 
attack of 0°. This approximation overpredicted the experimental values 
by approximately 10 percent. At an angle of attack of 20°, this pre- 
diction for a 40° cone at a = 0° was approximately 3 percent greater 
than the experimental values. Since local pressures are necessary in 
the analysis of heat-transfer investigations and experimental pressures 
were not obtained at M = 3*51 for this investigation, they were 
approximated by an equivalent cone at an angle of attack of 0° as a 
result of the agreement obtained with experimental and theoretical 
values at M ~ 2.65* 


Cylindrical afterbody . - The local-pressure-coefficient distribu- 
tion over the cylindrical afterbody is shown in figure 8(b) for M = 2.65, 
R = 3*1 X 1C)6, and angles of attack of 0°, 10°, and 20°. The approximate 
location of the flow reattachment points on the cylinder as determined 
from shadowgraphs is represented by the solid ' symbols on the abscissa 
scale. At an angle of attack of 0°, the effect of the separated region 
on the pressure coefficients is similar to the results obtained on the 
conical nose and extends to approximately 1.5 times the measured length 
of separation. Downstream of the region affected by separation, the 
local pressure returns to approximately the free-stream value, resulting 
in pressure coefficients of zero magnitude. The local Mach numbers on 
the cylinder as determined from measured local static and total pres- 
sures are approximately constant at a value of 2.1. 


At angles of attack of both 10° and 20°, the experimental pressure 
coefficients downstream of the effects of separation are in good agree- 
ment with predicted values from the following equation (ref. 9)* 


p s 

p t,2 



. 2 

= sin a + 


cos^a 


( 2 ) 



This equation defines the stagnation- pres sure ratio along the stagnation 
line of an infinite swept cylinder evaluated at the free-stream condi- 
tions. This agreement was rather surprising as it indicates that the 
end effects of this configuration on the inviscid flow field outside the 
boundary layer on the windward side of the cylinder downstream of reattach- 
ment are small. 


Heat-Transfer Distribution for Stepped- Cylinder Model 

Nose section .- The experimental distribution of h on the flat 
front face portion of the nose is in good agreement with the experimental 
distributions presented in reference 10 and hence will not be discussed 
herein. The measured distribution of h on the conical portion of the 
nose is presented in figure 9 for Mach numbers of 2.65 and. 3-51, Reynolds 
numbers of 0.8 X 10^, 2.5 X 10^, and 2.8 X 10^, and angles of attack of 0°, 
10°, and 20°. At M = 2.65 and an angle of attack of 0° (fig. 9(a)), 
the measured heat-transfer coefficients associated with the separated 
region at the corner (formed at the intersection of the front face with 
the conical side) extend to approximately twice the measured distance of 
separation. The maximum measured h in the region of reattachment is 
approximately the same magnitude as the measured h at the stagnation 
point on the front face. However, the experimental values in and down- 
stream of the region of reattachment are in fair agreement with turbulent 
conical theory (ref. 11) using measured static pressures and wall tem- 
peratures, the total pressure behind a normal shock at free-stream Mach 
number, and a surface length measured from the stagnation point on the 
flat front face. The movement of the stagnation point with a was 
determined from reference 10. Although the maximum heat-transfer coef- 
ficients in the reattachment regions at angles of attack of 10° and 20° 
are approximately 170 percent and 200 percent, respectively, of the meas- 
ured stagnation-point value at an angle of attack of 0°, the evaluated 
distribution of h is predicted by the turbulent cone theory. At an 
angle of attack of 20°, the predicted h is low; closer agreement of 
theory with experiment has been obtained (although not shown in fig. 9(a)) 
with a Reynolds number based on the surface distance from the juncture 
of the flat face and the conical surface. 

The heat-transfer-coefficient distribution for M = 3*51 and. a 
Reynolds number of 2.8 x 10^ are shown in figure 9(b). The theoretical 
values of h were computed by the method outlined for M = 2.65, except 
that the local static pressures were determined from the pressure coef- 
ficients of the equivalent conical flow, as mentioned in the pressure 
analysis, and the total pressure was ass um ed to correspond to that behind 
a normal shock at the free-stream Mach number. At an angle of attack 
of 0°, the experimental values of h at the forward thermocouples are 
of the same magnitude as predicted by laminar theory; however, at the 
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rearward thermocouples the experimental values approach the turbulent 
theoretical values, thus indicating a gradual transition from laminar to 
turbulent flow. The distribution of h for a Mach number of 3*51 at the 
angles of attack other than 0° is very similar to that measured at a 
Mach number of 2.65; that is, the highest heating occurs in the reattach- 
ment region and these maximum values increase with increasing angle of 
attack. At angles of attack of 10° and 20°, the maximum heat- transfer 
coefficients were approximately 120 percent and 175 percent of the 
stagnation-point value at an angle of attack of 0°; however, these maximum 
values are approximated by the turbulent cone theory. 

The effect of decreasing the Reynolds number from 2.8 X 10^ to 
0.8 x lO^ at M = 3*51 and at angles of attack of 0° and 10° is also 
shown in figure 9(b) • The high heating associated with reattachment as 
previously noted does not occur at the low Reynolds number at either 
angle of attack. The magnitude of the heating rates at the low Reynolds 
number is approximately 60 percent of the turbulent theory at both values 
of a; however, the laminar conical theory (ref. 11), based on the same 
conditions as the turbulent theory, is in very good agreement with the 
experimental data. 

A comparison of the heating rates in the reattachment region on the 
conical nose section associated with a turbulent boundary layer with those 
associated with a laminar boundary layer indicates that the comparatively 
high heat rates in this reattachment region are primarily a function of 
the nature of the boundary layer rather than the reattachment mechanism 
in itself and that, furthermore, these heating rates can be estimated by 
existing theories provided the local conditions and the nature of the 
boundary layer are known. 

Cylindrical afterbody .- The effect of angle of attack, Mach number, 
and Reynolds number on the heat-transfer-coefficient distribution along 
the windward meridian of the cylindrical afterbody is presented in fig- 
ure 10. For purposes of comparison, the measured heat- transfer coef- 
ficient at the stagnation point of the nose at an angle of attack of 0° 
is indicated for each Mach number and Reynolds number. 

The effect of angle of attack on the distribution of h at a Mach 
number of 2.65 and a Reynolds number of 2.5 X 10^ is shown in figure 10(a) 
for angles of attack of 0°, 10°, and 20°. At an angle of attack of 0°, 
the distribution of h downstream of the effects of separation is in 
very good agreement with the turbulent flat-plate theory of reference 11. 
This theory was based on the local Mach number determined from the meas- 
ured static and total pressure and a boundary layer originating at the 
measured reattachment point on the cylinder. At an angle of attack 
of 10°, the turbulent flat-plate theory gives fair agreement with the 
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experimental data downstream of the effects of separation. However, for 

^ 9 , the experimental values were best predicted by the turbulent, 

infinite-swept-cylinder theory presented in reference 12. The cylinder 
stagnation- line pressure was determined from equation (2). The maximum 
heating in the reattachment region for an angle of attack of 10° was 
approximately 85 percent of the stagnation value. At an angle of attack 
of 20°, the maximum h in the reattachment region was approximately 
115 percent of the stagnation value. At an angle of attack of 20°, cross 
flow dominates the stagnation line in the region downstream of the effects 
of separation, and the resultant heat- transfer coefficients are readily 
predicted by turbulent swept- cylinder theory. 

The effect of increasing the Mach number from 2.65 to 5-51 
(fig. 10(b)) at approximately the same Reynolds number resulted in a 
general decrease in the heat-transfer-coefficient distribution for each 
angle of attack. The same good agreement between experiment and turbu- 
lent swept- cylinder theory was obtained for the portion of the cylinder 
downstream of the region of reattachment. The turbulent flat-plate 
theory of reference 11 could not be calculated for this Mach number 
since no pressure measurements were obtained. The magnitudes of the 
maximum heat-transfer coefficients in the region of reattachment expressed 
in terms of percent of the stagnation value on the flat front face for 
angles of attack of 10 ° and 20 ° are approximately 70 and- 80 percent, 
respective ly. 

The distribution of h is also presented in figure 10(b) for a 
Mach number of 3-51* a Reynolds number of 0.8 X 10^, and angles of 
attack of 0° and 10°. The magnitude of the distribution of h at this 
Reynolds number is approximately one- third of the values at the higher 
Reynolds number for each angle of attack. This reduced heating, similar 
to that measured on the conical nose at this Reynolds number, is repre- 
sentative of a laminar boundary layer. At an angle of attack of 10°, 
the experimental data are in good agreement with infinite-swept-cylinder 
laminar theory (ref. 9 ) and is approximately one-half of the turbulent 
swept- cylinder theory of reference 12 . 

A plausible explanation of the localized high heating rates occurring 
at an angle of attack of 20 ° in the reattachment region downstream of 
the step is that the cylinder is at a higher angle of attack relative 
to the velocity vector adjacent to the separation region as compared to 
the angle of attack relative to the free-stream velocity vector. The 
instability of the flow pattern in the vicinity of reattachment prevents 
an accurate measurement of this psuedo angle of attack. 
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Heat-Transfer Distribution for Five-Stage Research Vehicle Model 

The heat-transfer distribution measured on the five-stage research 
vehicle model is presented in figure 11 for Mach numbers of 3-51 and 4.50 
at nominal Reynolds numbers of 3.0 x 10 ^ and 4.5 x 10 ^. At stations 59 
to 6 l and 75 to 86 , heat-transfer coefficients were measured along two 
diametrically opposite axial rays at meridian angles of 0 ° and l 80 ° and 
are identified by the opened and flagged symbols, respectively. A slight 
difference in the level of heat-transfer coefficient occurs between 
thermocouples at (f> = 0° and l80°. The lack of pressure instrumentation 
prevents experimental explanation of this phenomenon. For M = 3. 51, 
the heat-transfer distribution downstream of the step is of the same 
order of magnitude as that between stations 59 and 6 l upstream of 
the influence of the step. Downstream of the step, the predicted 
values from the turbulent flat-plate theory of reference 11 , based 
upon local Mach number and axial distance from the nose, are between 
the experimental data for the upper and lower meridian lines. 

Increasing the Mach number to 4.50 resulted in a general decrease 
in the heat-transfer distribution as shown in figure 11 (b) at each 
Reynolds number. Fair agreement was obtained between the experimental 
values downstream of the step and turbulent flat-plate predictions. 


CONCLUDING REMARKS 


Heat-transfer coefficients on two axisymmetric models having down- 
stream facing steps were determined in the Langley Unitary Plan wind 
tunnel. One model, denoted as the stepped-eylinder model, consists of 
a truncated conical nose with a base radius larger than the cylindrical 
afterbody. The second model duplicates the downstream facing step at 
the juncture of the fourth and fifth stages of an NASA five-stage 
research vehicle. 

The stepped-eylinder model was tested at Mach numbers of 2.65 
and 3 . 51 , at Reynolds numbers from 0.8 X 10 ^ to 3*1 X 10 ^, and at angles 
of attack from 0° to 20°. At all angles of attack the heating rates on 
the conical nose in and downstream of the region of reattachment were 
predicted by turbulent cone theory based on the local Mach number and 
the local Reynolds number using a distance measured from the stagnation 
point on the front face. At an angle of attack of 0° the measured 
heat- transfer rates downstream of the region of separation were in good 
agreement with turbulent flat-plate theory based on local conditions 
and a boundary layer originating at the region of reattachment. The 
maximum heat- transfer coefficient in the reattachment region along the 
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windward meridian of the cylinder at an angle of attack of 20 ° was 
115 percent of the measured stagnation-point value at an angle of attack 
of 0°. The measured heating rates downstream of the region of re attach- 
ment at angles of attack greater than 0 ° were in good agreement with 
turbulent infinite-swept-cylinder theory. 

The research vehicle model was tested at Mach numbers of 3. 51 
and 4.50, at Reynolds numbers from 2.8 X 10^ to 4.5 x 1C>6, and at an 
angle of attack of 0°. The measured values downstream of the rearward 
facing step were in good agreement with turbulent flat-plate theory 
evaluated at local conditions and a local Reynolds number based on the 
axial length from the forward stagnation point. 

The measured heating rates in the reattachment regions on both 
models at an angle of attack of 0 ° indicate no excessive heating rates 
above those predicted by flat-plate and conical theories. 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Air Force Base, Va., July 6 , 1961 . 
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TABLE III.- LOCAL HEAT- TRANSFER MEASUREMENTS OBTAINED 
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TABLE III.- LOCAL HEAT- TRANSFER MEASURMENTS OBTAINED 
ON THE STEPPED- CYLINDER MODEL - Continued 
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TABLE IV.- LOCAL HEAT- TRANSFER MEASUREMENTS OBTAINED OK 1HE FIVE-STAGE RESEARCH VEHICLE MODEL 
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Figure 1.- Details of stepped- cylinder model with thermocouple and pressure-orifice locations, 

(All dimensions are in inches unless otherwise indicated. ) 




(a) Heat-transfer configuration. L- 60-3705 



L- 60-3702 

(t>) Pressure configuration with rearward pressure rake installed. 


Figure 2.- Stepped- cylinder model. 









(a) Complete model. 


L-60-4615 



(b) Enlargement of step. L-60-4617 

Figure 4.- Five-stage research vehicle model. 
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a = 10° 


a = 15° 
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Figure 5*- Typical schlieren photographs of stepped-cylinder model. 
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a = 10° 

(b) M = 3-51; R = 1.0 x 10 6 . L-61-2192 

Figure 5*- Continued. 
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Figure 6.- itypical shadowgraph photographs of stepped-cylinder model 
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a = 20° 

Ob) M = 3-51J R = 3*5 X 10 6 . 
Figure 6.- Concluded. 
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(b) M = 4.50 j R = 3,2 X 10 6 . L-61-2196 

Figure 7 . - Composite schlieren photographs of five-stage 
research vehicle model, a = 0°. 
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Figure 10.- The effect of single of attack, Mach number, and Reynolds number on local heat- 
transfer-coefficient distribution along windward meridian of afterbody of stepped- 
cylinder model. 








